We identified a novel papillomavirus, Sus scrofa papillomavirus 2 (SsPV2), which is the first papillomavirus associated with papillomas in pigs. In skin alterations of a German wild boar, showing typical gross and histological appearance of papillomas, papillomavirus-like particles were demonstrated by electron microscopy. Degenerate papillomavirus-specific primers were used to amplify and sequence parts of the viral DNA. Subsequently, the complete genomic DNA was cloned and sequenced. The SsPV2 genome had a length of 8218 bp, encoded the early proteins E6, E7, E1 and E2, the late proteins L1 and L2 and contained an upstream regulatory region. Genomic characterization demonstrated papillomavirus-typical characteristics as well as unique features. For example, the E2 protein was significantly larger than in every other known papillomavirus species. Phylogenetic analysis was not able to relate SsPV2 unambiguously with other papillomavirus species or existing genera. Therefore, it might be representative of a new papillomavirus genus.
The family Papillomaviridae is notable because of its wide diversity and high number of included genera and species. According to the tenth report of the International Committee on Taxonomy of Viruses (ICTV, https://talk.ictvonline.org/) 49 genera with 116 species are accepted and to date the Papillomavirus Episteme (PAVE) databank (https://pave.niaid.nih. gov/#home) provides details of about 340 papillomavirus (PV) reference types. Almost half of these PV types are from animal origin and due to modern techniques like rolling circle amplification and next-generation sequencing, the number of characterized animal PVs increases continuously [1] . Most mammalian PVs were derived from species of the orders Carnivora and Artiodactyla (even-toed ungulates) [2, 3] . Interestingly, nearly all PV types (about 50) from the Artiodactyla were identified in species from the suborder Cetruminantia (Ruminantia, Cetacea and Hippopotamidae). In contrast, there is only one description of a PV (Sus scrofa papillomavirus 1, SsPV1) originating from the suborder Suina (Suidae and Tayassuidae).
SsPV1 is the prototype virus for the species Dyodeltapapillomavirus 1 (DyodeltaPV1): the only representative of the genus Dyodeltapapillomavirus (DyodeltaPV). Stevens and coworkers sequenced the SsPV1 genome from swab samples taken from the healthy skin of two female domestic pigs [4] . It is unknown if this virus is able to induce pathological changes and what kind of alterations these might be. However, there are few reports about fibropapillomatosis in piglets and a transmissible genital papilloma. Congenital cutaneous fibropapillomatosis is a rare disease that has been known for many decades [5, 6] . Cauliflower-like tumors on the skin of the head, the neck and more seldom the back of single piglets of a litter were characterized histologically as fibropapillomas, showing rapid growth but no evidence of metastasis [7, 8] . Yet, electron microscopy, immunohistochemistry using anti-bovine PV 1-antibodies and PCR using the consensus primers MY09 and MY11 [9] failed to confirm PVs as the cause of the disease [7, 8] . Moreover, transmission of the disease via contact with affected pigs was never reported. In contrast, Parish described the transmission of genital papillomas from two boars to 23 pigs using cell-free filtrates for surface scarification or intradermal inoculation [10] . Additionally, resistance to various physical and chemical agents, missing infectivity for other animals (calves, rabbits, guinea-pigs, mice or embryonated chicken eggs) or humans, and supplementary filtration experiments suggested an unspecified, host-adapted virus to be the cause of these genital papillomas.
Here we report the identification of a novel PV associated with the development of papilloma in wild boar. The virus was named consequently Sus scrofa papillomavirus 2 (SsPV2). Characterization by full genome analysis indicated SsPV2 is the representative of a novel PV genus.
In July 2016, a wild boar was shot in Southern Germany (Baden-Wuerttemberg). On all four distal extremities multifocal light grey-brown, exophytic, well-demarcated, alopecic nodules (diameter: 0.5-1.5 cm) were observed (Fig. 1a) . To exclude notifiable diseases, the animal was sent to the state diagnostic laboratory. After PCR analysis for foot-andmouth disease virus, orthopox-and parapoxviruses was unsuccessful, the samples were investigated by transmission electron microscopy after negative staining with 2 % phosphotungstic acid. We readily detected non-enveloped, icosahedral particles with a diameter of 55-60 nm (Fig. 1b) , fitting the morphology of PV particles.
As the gross appearance of the lesions was also typical for papillomas, the samples were processed for histological examination (Fig. 1c, d ). The staining with haemalum and eosin revealed multiple epidermal papillary projections with severe orthokeratotic and parakeratotic hyperkeratosis supported by a thin central fibrovascular stroma. The epidermis displayed irregular hypergranulosis as well as moderate acanthosis. Multifocally, many rounded cells with amphophilic eccentric nuclei and a perinuclear halo (koilocytes) accumulated, especially in the upper parts of the stratum spinosum. The mitotic index was low. No inclusion bodies were visible. In the dermis we observed a confluent, mainly periadnexal, moderate infiltration of eosinophils, macrophages, lymphocytes and plasma cells.
To detect PV-specific DNA by PCR, the sample was tested with six pairs of degenerate PV-specific oligonucleotide primers targeting the ORFs E1 and L1, respectively [11, 12] (Table S1 , available in the online Supplementary Material). Initially, primer pairs 1 and 2 (E1) as well as primer pair 4 (L1) amplified products of about 850, 550 and 600 bp, respectively. The amplified PCR products were sequenced. Based on the obtained sequences, oligonucleotides were designed to amplify overlapping PCR fragments comprising the whole PV genome. The resulting PCR products had a size of approximately 4000 bp, respectively. Cloning with LambdaPV (10) DyotauPV1_Miniopterus schreibersii PV2 DyophiPV1_Talpa europaea PV1 NuPV1_HPV41
ChiPV/DyonuPV (12)
TreiszetaPV1_Fulmarus glacialis PV1 DyozetaPV1_Caretta caretta PV1 DyozetaPV1_Chelonia mydas PV1 Fig. 2 . Phylogenetic tree of SsPV2 ( ○ ) and PV reference types. The tree is based on the nucleotide sequence of ORF L1. SsPV2 and 322 PV types (downloaded from the PAVE databank; for details see Table S2 ), including SsPV1 (.), and representing all 49 existing PV genera as well as not yet classified viruses, were aligned using the clustalW algorithm. The tree was constructed using the neighbour-the TOPO TA Cloning Kit (Thermo Fisher Scientific), sequencing with the primer walking method and use of DNASTAR Lasergene and Mega6 software allowed the assembly and further analysis of the obtained sequences.
The complete genome of the SsPV2 was 8218 bp long, had a GC content of 47.3 % and was deposited in the NCBI GenBank database under the accession number KY817993. The SsPV2 genome showed the typical arrangement of all PVs, dividing it into regions containing the ORFs for the early and the late transcribed proteins and the (non-coding) upstream regulatory region (URR). Detailed organization of the SsPV2 genome with the major ORFs E6 (408 bp), E7 (273 bp), E1 (1830 bp), E2 (1974 bp), L2 (1602 bp) and L1 (1533 bp) is shown in Fig. S1 .
The URR of SsPV2 between ORFs L1 and E6 had a length of 532 bp and contained several essential and putative transcription factor binding sites (BS) and regulatory elements. Four E2 BS with the consensus sequence ACCN 6 GGT were present at nucleotide positions 7956-7967, 8000-8011, 8062-8073 and 8153-8164. The E1 BS is described as an 18-nucleotide A/T-rich imperfect palindrome, often containing the consensus sequence 5¢-ATTGTT-3¢ (for a review, see [13] ). However, precise sequence conservation is missing [14] . In SsPV2, URR was a putative E1 BS at position 8109-8126 with the sequence 5¢-TTGGTTGTTGTTGCCAAC-3¢. Even though this sequence differed considerably from E1 BS of other PVs, its position between two E2 BS and upstream of the TATA-Box motif (5¢-TATATAA-3¢, 8185-8191 and 5¢-TATAAA-3¢, 8187-8192), which is part of the E6 promoter, supported this assumption. A further important motif in the 5¢ part of the PV URR is the termination site for the transcription of the late genes (polyadenylation site). This element (5¢-AATAAA-3¢) was present at position 7749-7754. A corresponding polyadenylation signal for the early proteins (between ORF E2 and L2 or within ORF L2) was missing in the SsPV2 genome.
The E6 protein of SsPV2 had a size of 135 amino acids (aa) and contained two zinc-binding domains (ZBD, C-X 2 -C-X 29 -C-X 2 -C) at aa positions 25-60 and 96-132. Also the E7 protein had a ZBD-like motif (C-X 2 -C-X 28 -C-X 2 -C) at aa position 50-85. Moreover, the typical aa sequence for the retinoblastoma protein-binding site (LxCxE) was present in E7 (aa 22-26). ORF E1 encoded for a 609 aa protein, which contained a slightly modified motif (GPANTGKS, aa 437-444) for the ATP-binding site of the helicase domain in the
was missing in E1 as well as in the E2 protein. The ORF E2 of SsPV2 is particularly noteworthy as it was significantly longer (1974 bp) than in any known PV. To the best of our knowledge, only some members of the genera IotaPV and ChiPV have an ORF E2 slightly larger than 1600 bp and only the Mustela putorius PV1 (TauPV) has an ORF E2 larger than 1700 bp. The functional and conserved domains of an E2 protein are the N-terminal transactivation domain (about 200 aa) and the C-terminal DNA binding domain (about 90 aa). Both are connected by a linker sequence ('hinge'), which varies in length as well as in aa composition among PV genera (for a review, see [15] ). The transactivation domain and the DNA-binding domain (the conserved motif of the DNA recognition helix started at aa position 584: GGTNQLKCCRYR) were present in SsPV2 E2 likewise. Therefore the exceptional size of SsPV2 E2 might be explained by some kind of insertion event that happened in the central 'hinge' region of the ORF E2 of the SsPV2 ancestor. with the initiation codon and the first few aa of ORF E1 (for a review, see [16] ). An E1^E4 transcript ending with the stop codon at position 4195-4197 would be translated into such a proline-rich polyprotein.
Based on the complete ORF L1 sequence of SsPV2 and 322 other PVs (Table S2) , representing all existing PV genera, and using the neighbour-joining method, phylogenetic analysis was performed (Fig. 2) . SsPV2 clustered on the edge of a supertaxon comprising AlphaPVs and their relatives [17, 18] including the SsPV1, close to the root of the branch. The closest relationship was indicated for the Felis catus PV2 [19] , a PV inducing bowenoid in situ carcinomas in cats, and the only representative of the genus DyothetaPV. According to the current rules for the classification and nomenclature of PVs, PV taxa are defined based on the ORF L1 nucleotide sequence identities and most PV types within a PV genus show less than 60 % sequence identity to types of other genera [2, 20, 21] . However, this criterion is not an absolute and other features like genome organization, biology or pathogenicity have to be considered [2] . We compared sequence identities of SsPV2 ORFs with representatives of the genera AlphaPV (HPV33), OmegaPV (Ursus maritimus PV1), DyodeltaPV (SsPV1), DyothetaPV (Felis catus PV2), DyoomikronPV (Saimiri sciureus PV2) and DyopiPV (Phocoena phocoena PV4), which clustered together with SsPV2 in the ORF L1-based phylogenetic tree (Table 1) . After alignment using a clustalW algorithm, all six PV types shared slightly more than 60 % nucleotide identity with SsPV2 based on ORF L1. The highest identity on the nucleotide as well as on the aa level was demonstrated with the Felis catus PV2 (genus DyothetaPV) with 64 %, respectively.
To the best of our knowledge, we describe for the first time a PV which induces papillomatous lesions in the skin of a member of the suborder Suina. Gross and histological appearance of masses found on all four distal extremities of a wild boar (Sus scrofa) was typical for papillomas. Electron microscopy revealed typical PV capsids. Using pan-PV primers we amplified, sequenced and characterized the full length genome of SsPV2. Phylogenetic analysis of ORF L1 did not unambiguously relate SsPV2 to an existing PV genus or papilloma species. Furthermore, the virus showed a unique characteristic -an exceptional large E2 protein.
Therefore, SsPV2 might be representative of a new PV genus. This finding expands our knowledge about PV diversity and might help to improve our understanding of the evolution of PV.
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